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Rho-associated coiled-coil containing kinases (ROCK) were
originally identified as effectors of the RhoA small GTPase.l”
They belong to the AGC family of serine/threonine kinases®
and play vital roles in facilitating actomyosin cytoskeleton
contractility downstream of RhoA and RhoC activation. Since
their discovery, ROCK kinases have been extensively studied,
unveiling their manifold functions in processes including cell
contraction, migration, apoptosis, survival, and proliferation.
Two mammalian ROCK homologs have been identified, ROCK1
(also called ROCK I, ROKB, Rho-kinase B, or p160ROCK) and
ROCK2 (also known as ROCK II, ROKa, or Rho kinase), hereafter
collectively referred to as ROCK. In this review, we will focus on
the structure, regulation, and functions of ROCK.

ROCK Structure

In humans, ROCK1 and ROCK2 both contain 33 exons and
are located on chromosome 18 (18q11.1) and 2 (2p24) respectively.
The ROCKI open reading frame encodes 1354 amino acids,
whereas ROCK2 encodes 1388 amino acids. ROCK2 also has a
reported splice variant, preferentially expressed in skeletal muscle,
which results in the inclusion of 57 additional amino acids.” The
two ROCK homologs shares 64% identity in their primary
amino acid sequences, with the highest homology (92%) within
the kinase domains and the coiled-coil domains being the most
diverse (55%).> The kinase domains of ROCK are closely related
to many homologous domains in this family, including dystrophia
myotonica protein kinase (DMPK), myotonic dystrophy kinase
related-Cdc42 related kinases (MRCK) « and B, and citron
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Rho-interacting kinase (CRIK) . To date, the crystal structures
of the kinase domains from ROCK1,* ROCK2,” MRCKJ3,'® and
DMPK!" have been determined, which has highlighted the high
degree of tertiary as well as primary similarity. N-terminal and
carboxyl-terminal extensions of the ROCK kinase domains are
essential for catalytic activity.**® The ROCK kinase domains are
located in the N-terminal region, which is followed by a central
~600 amino acid long amphipathic a-helix forming a coiled-
coil region (Fig. 1)."* At the carboxyl-terminal region, there is a
split pleckstrin homology (PH) domain, which is bisected by an
internal cysteine-rich zinc finger-like motif domain (CRD). The
two separate PH portions assemble together to form a typical PH
domain that is attached by two short linkers to a separate CRD."?
The canonical Rho binding domain (RBD) forms a parallel
coiled coil dimer, as revealed by crystal structure determinations,
and binds exclusively to the switch I and switch II regions of
GTP-bound active RhoA and RhoC.!"** Two additional Rho-
interacting domains were identified that can tightly interact with
RhoA, which may cooperatively contribute to binding.'® Crystal
structure studies revealed that ROCK has two dimerization
domains: the ~70 residue N-terminal dimerization region®’
and the coiled-coil helical regions.!* Charged residues in the
coiled-coil might function as a hinge that allows the N-terminal
kinase domains to interact with C-terminal inhibitory regions.
Structural determination of full-length ROCK protein crystals
will ultimately reveal how the various domains interact and the
mechanism of auto-inhibition.

Regulation of ROCK Activity

Although ROCK1 and ROCK2 have highly related
functional domains and significant amino acid identity, they are
regulated both by common means as well as mechanisms unique

to ROCKI1 or ROCK2.
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Figure 1. ROCK functional domains. Protein domains and their indicated positions were taken from the National Center for Biotechnology Information
(NCBI; http://www.ncbi.nlm.nih.gov/protein) for human ROCK1 (NP_005397.1) and ROCK2 (NP_004841.2)
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Figure 2. Modes of ROCK activation. In the inactive state, the carboxyl
terminal of ROCK acts as an auto-inhibitory region. Binding of active Rho-
GTP to the Rho binding domain (RBD) disrupts the negative regulation,
thus activating the kinase. ROCK proteins may also be activated in a Rho-
independent manner by removal of the inhibitory carboxyl terminal
of ROCK1 and ROCK2 by caspase 3 or granzyme B mediated cleavage,
respectively.

Conventional activation

The carboxyl-terminal region of ROCK acts as an auto-
inhibitory region, since deletion of this portion results in
constitutive activation of either kinase in vitro and in vivo.”!®
Inhibition may occur either because the active site of the
kinase domain is blocked by interaction with portions of the
carboxyl terminal region or due to stabilization of a catalytically
incompetent conformation.® The Ras superfamily includes the
Rho-GTPase proteins RhoA and RhoC, which are the most
well characterized ROCK regulators. Interaction of activated,
GTP-bound Rho proteins with the RBD have been reported
to elevate kinase specific activity by inducing conformational
changes that disrupt the negative regulatory interactions
between the kinase domain and the auto-inhibitory carboxyl
terminal region (Fig. 2).>*> However, structural studies of
the holoenzyme, either in isolation or associated with active
Rho proteins, have not been reported to confirm this model.
An additional possibility is that the recruitment of ROCK
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proteins to sites of elevated Rho activity may be equally or even
more important for the transduction of active Rho signaling. In
the context of apoptosis, ROCKI is activated by cleavage and
removal of the auto-inhibitory domain by caspases,”** while
ROCK?2 may similarly be activated by Granzyme B-mediated
cleavage, which also leads to concomitant caspase activation
and ROCKI activation.” Both of these events result in the
generation of Rho-independent constitutively active kinase
fragments that lead to unconstrained actin-myosin contraction,
resulting in membrane blebbing, apoptotic body formation,
and packaging of nuclear materials into blebs and apoptotic
bodies.””?** In a non-apoptotic scenario in endothelial cells,
thrombin was reported to activate caspase 2 and increase
ROCK2 expression, resulting in increased levels of caspase
2-mediated proteolytic cleavage and activation of ROCK2 and
consequent microparticle formation.*

Phosphorylation

Crystal structure analyses revealed that the
domain had a catalytically competent conformation without
phosphorylation or conformational input from RhoA binding
to the RBD.? Unlike other AGC family kinases that require
activation loop phosphorylation,® the ROCK kinase domains
do not appear to require phosphorylation for activity.
However, additional kinases may regulate ROCK signaling
by phosphorylating other regions. For example, Polo-like
kinase-1 works synergistically with RhoA to maximally activate
ROCK2 by phosphorylating at any one of four conserved sites
Thr-967, Ser-1099, Ser-1133, and Ser-1374.% Phosphorylation
of ROCK2 on Tyr-722 inhibits activity by decreasing RhoA
binding,** while Shp-2 mediated dephosphorylation increases
RhoA responsiveness.”’ Autophosphorylation by ROCK2
on S1366% and by ROCKI1 on S1333% is a reflection of
the kinase activation, although these sites do not regulate
catalytic activity. However, phosphorylation on these sites
might contribute to protein subcellular localization.®® Large
scale phosphoproteomics studies have identified numerous
phosphorylations on human ROCKI1 (45 sites reported on
www.phosphosite.org) and ROCK2 (43 sites), although the
majority of them have not been confirmed by independent
means. The frequency of some observed phosphorylations (e.g.,

ROCKI1 Tyr-913 and Ser-1341, or ROCK2 Ser-1379) suggests

kinase
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Figure 3. Tissue distribution of ROCK1 and ROCK2 determined from expressed sequence tags (EST). Relative expression levels were derived from the
Tissue-specific Gene Expression and Regulation (TiGer) database (http://bioinfo.wilmer.jhu.edu/tiger). The expression levels were normalized with tis-
sue-library size. Each value for a gene in a tissue is a ratio of observed ESTs to the expected one in this tissue. The expected number of ESTs is the product
of total ESTs of the gene and the fraction of total ESTs in the tissue among all ESTs in 30 tissues. To depict tissue expression profiles, the normalized
expression levels were graphed as percentages from only those tissues having values > 0.

that they have physiological significance, which will likely be
determined in the future.

Negative regulation

Although Rho proteins generally activate ROCK, other
GTP-binding proteins have been found to negatively regulate
ROCK signaling. Gem was shown to interact with ROCKI in
the coiled-coil region adjacent to the RBD, thereby inhibiting
phosphorylation of MLC and the MYPT1 subunit of MLC
phosphatase.’’ Radl, another small GTP-binding protein was also
reported to mimic Gem in inhibiting actomyosin contractility by
blocking ROCK2, resulting in reduced cell rounding and neurite
retraction.” In contrast to the highly related RhoA, B and C
proteins that can stimulate stress fiber formation through ROCK,
RhoE decreases stress fiber formation®»* by binding to the
N-terminal region of ROCKI, but not ROCK2, thus physically
interfering with ROCK1 kinase activity.***¢ Interestingly,
protein kinase PDK1 competitively binds to a similar region of
ROCKI as RhoE, thereby antagonizing the negative regulation
of ROCKI by Rho E.”” Recently, CoroninlB was identified as
an attenuator of ROCK2 signaling by directly binding to the PH
domain.?® Identification of additional interactions with similar
ROCK regulators may highlight mechanisms that modulate
ROCK activity locally without global effects on this signaling
pathway.

www.landesbioscience.com

Small GTPases

Expression, Localization, and Downstream Targets

ROCK proteins were initially reported to be ubiquitously
expressed throughout embryogenesis and in adult tissues.*
Analysis of ROCK1 and ROCK2 expressed sequence tag (EST)
distribution using the Tissue-specific Gene Expression and
Regulation (TiGer) database® revealed that their distribution
patterns were similar and that there were few specific organ and/
or tissues with expression levels that were dramatically higher
than another (Fig. 3). Notably, there was significant ROCK1
expression in the thymus and blood, with little to no ROCK2
expression detected.

The biological actions of kinases do not solely reflect activation
status, but are also influenced by the proteins’ subcellular
localization. Several studies examined the subcellular localization
of the two ROCK isoforms. Early studies on ROCK2 localization
reported a predominantly cytosolic distribution."? Overexpression
of an active RhoA mutant resulted in the recruitment of ROCK2
to both internal and peripheral cell membranes, where it was
observed to be largely associated with actin microfilaments."*
Further studies on ROCK2 subcellular distribution revealed
accumulation at the cleavage furrow, implicating its role in the
formation of contractile ring during cytokinesis.”"** In addition,
ROCK?2 has been reported to localize in the nucleus of growing
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cells,®® stress fibers, and filamentous vimentin network in

serum-starved cells®® as well as to the centrosomes.”” Data from
two independent antibodies reported by the Human Protein Atlas
(www.proteinatlas.org) support a largely cytoplasmic localization
for ROCK2. Subcellular localization of ROCKI1 has not been as
well as characterized, although data from three antibodies show a
predominantly cytoplasmic expression in many cell types (www.
proteinatlas.org). Several lines of evidence also point to ROCKI1

4849 and centrosomes.*

association with the plasma membrane
Interestingly, Shroom, a key player in apical cell constriction in
neurulation, binds to ROCK2 and regulates its distribution to
apical cell junctions to achieve a localized activation.”
Activated ROCK proteins phosphorylate a divergent group of
downstream targets involved in many biological processes, and
given the high similarity in their kinase domains it seems likely
that the two isoform would phosphorylate numerous common
substrates. From the several studies aimed at identifying ROCK
substrates, a consensus amino acid motif for phosphorylation
in most cases was found to be R/KXXS/T or R/KXS/T (R,
Arginine; K, Lysine; S, Serine; T, Threonine; X, any amino acid),
although some non-canonical sites have also been identified by
peptide phosphorylation screening.”® ROCK signaling has been
implicated in various cellular functions downstream of Rho;
one of the primary roles defined for ROCK is the regulation
Phosphorylated
myosin II regulatory light chains (MLC) promote actomyosin

of actin-myosin cytoskeletal organization.

contractility by activating myosin ATPase, thus enabling
its interaction with F-actin to generate a contractile force.”
ROCK phosphorylation of MLC at Ser-19 and Thr-18 occurs
at the same sites that are phosphorylated by MLC kinase.”
However, depletion of Ca** to block activation of MLC kinase
(MLCK) resulted in decreased MLC phosphorylation in
response to G-protein activation in airway smooth muscle cells,
indicating that ROCK may largely contribute to elevating MLC
phosphorylation indirectly by inhibiting dephosphorylation.’®>
Moreover, MLC phosphorylation to induce stress fiber and focal
adhesion assembly is spatially regulated by MLCK, MRCK, and
ROCK, where ROCK is involved in the formation of stress fibers
in the center of fibroblasts, while MLCK and MRCK function
at the periphery’®® MLC dephosphorylation is mediated by
a phosphatase complex (PP1M) that is composed of a PP1cd
catalytic subunit, the myosin binding subunit MYPT1 that
modulates the targeting of myosin to the phosphatase, and a
small regulatory subunit M20.%° Phosphorylation of MYPT1 by
ROCK on Thr-695 and Thr-850 leads to the inhibition of MLC
dephosphorylation by dissociating myosin from the phosphatase,
thereby allowing increased net MLC phosphorylation and
subsequent activation of myosin ATPase.®*% In addition, ROCK
kinases also regulate actin filament dynamics by phosphorylating
LIM kinases 1 and 2% on activation loop Thr-508° and Thr-
505%¢7  respectively. Activated LIM kinases phosphorylate
and inactivate the actin severing protein cofilin, resulting in a
net increase in the number of actin filaments within cells.®®¢
Collectively, ROCK activation leads to a concerted series of
events that promote actin-myosin mediated contractile force
generation and consequent morphological changes.
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ROCK Functions

At the time that the two kinases were identified nearly 20
years ago, attention was focused on their roles in the regulation of
the actin-myosin cytoskeleton. Since then the biological roles of
ROCK have been studied extensively in many different contexts.
Although not exhaustive, major functions will be discussed
below.

Actin organization: Formation of stress fibers and focal
adhesion complexes

Stress fibers are contractile apparatuses in cells that are
composed of bundles of F-actin and myosin II which are
especially prominent in cultured cells, but have also been shown
to be manifested in cells in vivo.””! These actin-myosin fibers are
linked to discrete points on the inner plasma membrane called
focal adhesions, where dynamic protein complexes that contribute
to cell adhesion to the extracellular matrix are localized.”
Formation of stress fibers and focal adhesion complexes by MLC
phosphorylation was one of the first functions identified for
ROCK.” Expression of constitutively active ROCK consistently
induced the formation of stress fibers and focal adhesions,
whereas kinase dead and the N-terminal truncated ROCK
mutants induced disassembly of stress fibers and focal adhesion
complexes, accompanied by cell spreading.*'®7* Although both
ROCK isoforms appear to contribute to focal adhesion formation
and microfilament bundling, siRNA knockdown experiments
have revealed some differences in their functions. In fibroblasts,
ROCKI1 and ROCK?2 play distinct roles in the subcellular sites of
MLC phosphorylation and in the assembly of fibronectin matrices
at the cell surface during actin cytoskeleton mediated extracellular
matrix assembly.”*”> Knockdown of ROCK1 in keratinocytes
blocked focal adhesion maturation, which decreased cell adhesion
to fibronectin, while ROCK2 knockdown reduced turnover,
leading to the formation of large focal adhesions with increased
stability that promoted fibronectin adhesion.”®”” Using mouse
embryo fibroblasts (MEFs) deleted for ROCK1 or ROCK2, it
was observed that ROCKI regulates peripheral actomyosin ring
formation through MLC phosphorylation and ROCK2 stabilizes
the cytoskeleton through cofilin phosphorylation following
treatment with the chemotherapeutic drug doxorubicin.”® These
results indicate that ROCK1 and ROCK2 may have different
functions in cells, likely due to differences in the way that there
are regulated and subtle differences in localization that result
from non-overlapping patterns of protein binding.

The biological consequences of increased ROCK signaling
do not fully recapitulate the effects of Rho activation, indicating
a requirement for additional Rho effector proteins to work
cooperatively with ROCK. This has been well demonstrated in
the context of stress fiber assembly where ROCK induced stress
fibers are thicker than those induced by RhoA.*'873 Rho activates
one of its effectors mDial (mammalian homolog of Drosophila
Diaphanous), which interacts with profilin, thus transforming
the condensed stress fibers to thinner actin fibers, which remains
disorganized in the absence of ROCK activity.”” These studies
indicate the necessity for mDia to act in concert with ROCK
kinases following Rho activation in stress fiber assembly. In
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addition, the ability of Rho to promote adherens junctions
stability is via mDial, which antagonizes the destabilizing effects
of ROCK-mediated actomyosin contractility, consistent with
the concerted actions of these two pathways being necessary to
transduce Rho signaling.

Apoptosis

The role of ROCK in regulating the morphological events
during the execution phase of apoptosis is well recognized.®
During this phase, typically cells rapidly shrink due to actin-
myosin contractile force, which provides the power that drives
dynamic membrane blebbing, nuclear disintegration, and
fragmentation of apoptotic cells into apoptotic bodies. These
apoptotic bodies package the cellular and nuclear fragments
that will be recognized and phagocytosed by neighboring or
specialized cells. Earlier studies revealed a role for caspase in
membrane blebbing and apoptotic body formation®! and several
studies implicated the importance of actin-myosin cytoskeleton
remodeling and MLC phosphorylation for these processes.®>* It
was subsequently determined that during the apoptosis execution
phase, caspase-3 cleaves ROCKI to remove the auto-inhibitory
C-terminal domain, which results in constitutive ROCKI1
activation and subsequent induction of plasma membrane
blebbing through MLC phosphorylation and ensuing contractile
force generation.”?® The importance of ROCK1 for apoptotic
blebbing has been shown in numerous additional cell types,
including cardiac myocytes, lymphoma cells, and non-small
cell lung carcinoma cells.®# ROCKI cleavage also facilitates
redistribution of fragmented DNA into blebs and apoptotic
bodies” as well as disruption of nuclear integrity.”? These two
events also contribute to the leaking of damage associated
molecular pattern (DAMP) proteins, such as nucleosomal
histones, during the early stages of rapid membrane blebbing and
apoptotic body release prior to secondary necrosis.?? In addition,
ROCK mediated actomyosin contraction has been reported
to be necessary for two events during the execution phase of
apoptosis, namely the externalization of N-acetyl glucosamine,
a phagocytic marker and fragmentation of the Golgi apparatus.*’
In the specialized case of cell death induced by natural killer cells,
Granzyme B cleaves ROCK2 at an analogous position to the
caspase-cleavage site on ROCKI, leading to constitutive ROCK2
activation that is sufficient to promote caspase-independent
membrane blebbing.! However, given that Granzyme B also
activates caspases leading to ROCKI activation, there are no
obvious situations where ROCK2 would be activated without
concomitant ROCKI activation in apoptotic cells.

Although the role of ROCKI as a critical effector of
morphological changes during the execution phase of apoptosis
is well established, ROCK activity has generally been found not
to be required for the initiation and propagation of the apoptotic
program. For example, inhibition of ROCK activity does not
affect caspase activation or cytochrome c release in response to
several forms of apoptotic stimuli.'”?** However, recent studies
have revealed that the precise role of ROCK in apoptosis is
highly dependent on cell type and form of apoptotic stimuli. For
example, inhibition of ROCK activity resulted in disruption of
actin stress fibers, leading to apoptosis in airway epithelial cells

www.landesbioscience.com
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but not in NIH3T3 fibroblasts.”® Similarly, ROCK inhibition
resulted in death in a variety of other cell types including hepatic
stellate cells,” glioma cells,’” pancreatic stellate cells,” and airway
smooth muscle cells,” indicating that ROCK activity contributes
to cell survival in specific contexts. Interestingly, screens for small
molecular weight inhibitors that promoted human embryonic
stem cell survival identified the ROCK inhibitor Y27632 as the
most effective compound.”® Since these initial findings, other
ROCK inhibitors have been determined to have similar protective
effects on stem cells from additional tissue origins and species.”
So effective is ROCK inhibition at promoting stem cell survival
that the inclusion of compounds such as Y27632 has become
part of standard stem cell culture protocols. Protective effects of
ROCK inhibition on cell survival have also been demonstrated
in a variety of animal models. Treatment with ROCK inhibitor
Y-27632 significantly reduced cardiomyocyte apoptosis during
acute myocardial ischemia and/or reperfusion injury,”® while
the ROCK inhibitor fasudil reduced lipopolysaccharide induced
hepatocellular apoptosis.” The conclusion that can be made
from these studies is that ROCK may be pro-apoptotic or anti-
apoptotic depending on intrinsic properties of the cell and
external conditions. Recent studies have highlighted a role for
ROCKI as a regulator of the crosstalk between apoptosis and
autophagy. ROCKI1 phosphorylates Beclin-1 to induce autophagy
under stress conditions and has also been shown to regulate
the size of autophagosomes.!*®'! Because of these dual roles in
regulating survival and/or apoptosis, ROCK expression levels
and associated regulators of actin-myosin contractility would
be expected to have the potential to be increased or decreased
in different cancers. Consistent with this possibility, LIMK2,
which is a downstream effector of ROCK signaling, was found
to be significantly and progressively downregulated in human
colorectal cancer as a result of promoter methylation.'”

ROCK in development

ROCKI1 and ROCK2 have been reported to have overlapping
expression patterns in developing embryos and are highly
enriched in the cardiac mesoderm, lateral plate mesoderm, and
the neural plate in chick and mouse embryos where they play
vital roles in various embryonic morphogenetic events, including
cell migration, differentiation, and axis formation.'”> Many
experiments that sought to elucidate the roles of ROCK signaling
in development have been performed with small molecule
inhibitors that block both kinases with equal potency'*; therefore
these studies do not provide any information on the specific
functions of each ROCK protein. Genetic deletion of ROCKI1
or ROCK2 in mice made it possible to dissect the roles of these
proteins in development. A consistent abnormality in ROCKI1
and ROCK2 knockout mice on a C57BL/6N strain background
is failure of closure of eyelids and ventral body wall giving rise to
eyes open at birth and omphalocele phenotypes.'®'* Formation
of organized actomyosin cables in the eyelid epithelial sheets
and the actomyosin-mediated closure of umbilical rings were
impaired in both knockout models.">!°® Despite the two isoforms
having highly conserved kinase domains, they apparently cannot
compensate for each other in these tissues. ROCKI and ROCK2
double heterozygous mice also displayed the same phenotype,
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albeit at a lower frequency, suggesting that the observed
phenotypes are the result of insufficient gene dosage with both
isoforms cooperatively regulating the movement of epithelial
sheets for eyelid and ventral body wall closure.'® Yet, ROCKI
or ROCK2 knockout mice and double heterozygous mice that
survived continued to develop normally, and were fertile and
apparently healthy, suggesting that ROCK1 and ROCK2 are
particularly important during development when cell movement
is required for the formation of tissues and organs.!*>1%¢

Interestingly, ROCK2 deletion on a mixed genetic background
of C57BL/6N and 129/Sv strains exhibited placental dysfunction,
intrauterine growth retardation, and 90% embryonic death
in utero.'” On the same C57BL/6N strain background, the
survival rate of ROCK2 knockouts was less than was observed
for ROCKI1 deletion, due to an additional defect in the placental
labyrinth layer.!® Similarly, differences in strain background
also had an effect in ROCK1 knockouts, as the eyelids open at
birth and omphalocele phenotypes were not observed in mice
with FVB strain backgrounds.'®'”” These studies indicate that
strain differences, and by inference additional genetic modifiers
that have yet to be identified, affect the manifestation of these
phenotypes in ROCK1 or ROCK2 deleted mice. The lack of
phenotypes in other tissues suggests that both homologs can
functionally compensate for each other during development
or that there is a lower requirement for total ROCK protein.
However, neural crest specific expression of dominant negative
form of ROCK resulting in severe craniofacial defects was
reported recently.!® The different phenotypes resulting from the
deletion of one or the other ROCK isoform strongly suggests
that the two genes have non-redundant roles. The development
of tissue-specific conditional knockouts for ROCKI and
ROCK?2 singly or in combination will shed more light on the
specific functions of each protein in development, adult tissue
homeostasis, and pathophysiological conditions such as cancer.

Cell proliferation and cytokinesis

Numerous studies have highlighted the importance of ROCK
in the regulation of cell proliferation, which may be due to a
role in mediating cytoskeletal tension or may be mediated by
cytoskeleton-independent pathways. In accordance with this,
ROCK inhibitors have been shown to have antiproliferative
effects in some cell types including airway and prostatic smooth
muscle cells and cardiac myocytes.”*'""""> Conversely, active
ROCK can induce proliferation in some cell types including
fibroblasts, in which modulation of the levels of specific cell cycle
regulators appears to play an important role.!”® The influence
of ROCK activity on the levels of cell cycle regulatory proteins
also has been implicated in the proliferation of corneal epithelial
cells' and gastric cells."”

Although ROCK activity may promote proliferation in
some cells types, in other contexts ROCK appears to have anti-
proliferative functions. For example, inhibition of ROCK activity
in human keratinocytes resulted in increased proliferation and
decreased terminal differentiation, while conditional ROCK2
activation had the opposite effects, suggesting a role for ROCK

in the regulation of keratinocyte fate.''®
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During cytokinesis, cells undergo dramatic reorganization
of the cytoskeleton and are divided in two daughters through
the actions of the actin-myosin rich contractile ring. Shortly
after the identification of ROCK kinases, it was observed that
dominant negative ROCK2 inhibited cleavage furrow formation
in Xenopus embryos and in mammalian cells, resulting in
multinucleation."” Further studies revealed the accumulation
of ROCK2 at the cleavage furrow during cytokinesis, where
it was an important contributor to MLC phosphorylation.*""®
However, although ROCK2 inhibition did not completely arrest
cytokinesis, it did result in prolonged cleavage furrow ingression,
suggesting that ROCK2 makes indispensable contributions to
the normal progression of cytokinesis.""® Interestingly, ROCK
kinases do not appear to be responsible for the phosphorylation
of ezrin/radixin/moesin (ERM) proteins localized at the cleavage
furrow, suggesting that there must be other cleavage furrow
kinases that may play complementary and/or redundant roles
in cytokinesis.""®!""” Taken together, ROCK may have a general
positive role as a promoter of cell proliferation in many cell types,
with some exceptions in specialized contexts.

Therapeutic Implications: Insights
from Genetically Modified Mouse Models

There is growing evidence that abnormal ROCK activity
contributes to a variety of pathological conditions. As a result,
the development of ROCK inhibitors has gained considerable
interest in the pharmaceutical industry.'?® Currently, inhibitors
that are widely used for studies in various disease models, such as
Y-27632, H1152P, and fasudil, are non-isoform selective ROCK
inhibitors that target the ATP-dependent kinase domain. The
extensive potential therapeutic uses for ROCK inhibitors have
been reviewed elsewhere.””'?! Fasudil is currently the only ROCK
inhibitor approved for human use, which has been used in
Japan since 1995 for treatment of cerebral vasospasm following
subarachnoid hemorrhage.”

Pharmacological inhibitor studies have contributed greatly
to our understanding of ROCK biology. Although there is
increasing evidence of distinct functions for each ROCK
isoform, ROCK inhibitors typically are not isoform selective,
likely due to the high degree of homology between the kinase
domains. Therefore, it is difficult to attribute specific functions
to either of the two ROCK isoforms based on inhibitor studies.
These inhibitors may also have possible off-target effects since
at higher concentrations they may also inhibit other serine/
threonine kinases such as PKA and PKC.!?2 Hence there is a need
for ROCK1 and ROCK2 isoform specific genetically-modified
(GM) mouse models to understand the individual functions of
each protein and the interplay between them in the context of
various pathological conditions.

Extensive studies using ROCK inhibitors have shown that
ROCK signaling plays important roles in cardiac hypertrophy
and subsequent development of cardiac fibrosis.'**'* In contrast
to these studies, haploinsufficiency or targeted deletion of the

Volume 5

©2014 Landes Bioscience. Do not distribute.



Table 1. ROCK1 and ROCK2 Genetically Modified Mouse Models

Cardiovascular

Disease Model Genetic Model Phenotype
ROCK1 +/- Decreased perivascular fibrosis, did not prevent cardiac hypertrophy'?®
Reduced perivascular and interstitial fibrosis, did not prevent cardiac
ROCK1 —/- 108
hypertrophy
ROCK1 —/- Reduction in cardiomyocyte apoptosis®

Cardiac specific ROCK2 —/—

Decreased cardiac hypertrophy, fibrosis and cardiomyocyte apoptosis'?’

ROCK1 —/— in transgenic cardiac
hypertrophy model

Prevented left ventricular dilation, contractile dysfunction and cardiomyocyte
apoptosis, did not prevent development of cardiac hypertrophy

138,139

ROCK1 —/—

Insulin resistance in skeletal muscle'®

Glucose Metabolism
Adipose specific ROCK1 —/—

Protection from diet induced insulin resistance'*3

Inflammation ROCK1 —/- Increased migration of macrophages and neutrophils'*
Hemolytic Anaemia ROCK1 —/— Enhanced survival and reduced ROS levels'!
UV induced damage ROCK1 +/- Epidermal skin is more resistant to UVB induced cell death'#?
Spinal cord injury ROCK2 —/- Improved sensory neuron regeneration and behavioral recovery'?

Vascular Injury ROCK1 +/—and ROCK2 +/-

Decreased neointima formation and leukocyte recruitment in ROCK1 +/—

compared with ROCK2 +/-'#

VSMC specific ROCK2 +/—

Amelioration of hypoxia induced PH and vascular remodelling'*

Pulmonary Hypertension (PH)
VSMC specific ROCK2
overexpression

Promotion of hypoxia induced PH, vascular remodeling and inflammation'®

ROCK1 —/— No protection against renal fibrosis in obstructive kidney disease'*°
Kidney Disease

ROCK1 —/— Protection against albuminuria in diabetic kidney disease'*®
Atherosclerosis ROCK2 —/- Reduced macrophage mediated atherosclerosis'

Keratinocyte specific

Skin Cancer ROCK2 overexpression

Promotion of chemically-induced skin cancer progression'®

ROCKI gene did not prevent cardiac hypertrophy induced by
angiotensin or pressure overload.'”'* However, it was recently
reported that cardiac specific ROCK2 deletion prevented
angiotensin induced hypertrophy, suggesting that ROCK2 and
not ROCKI1 was an important mediator of the hypertrophic
process.'?” Despite their apparent isoform specific roles in cardiac
hypertrophy, both targeted ROCK1 and ROCK2 mouse models

exhibited decreased cardiac fibrosis and cardiomyocyte apoptosis
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that occurs in response to pathological hypertrophy.®¢1%-127

Hence, these genetic models helped in identifying isoform
specific roles in cardiac hypertrophy leading to heart failure. It is
worth noting that pharmacological inhibition of ROCK activity
conferred a protective effect against renal fibrosis as well '8!
However, ROCKI1 deletion did not prevent renal fibrosis in a
mouse model of obstructive kidney disease.’® This may imply

that both ROCKI1 and ROCK2 are required for the protective
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effect or it might be a case of off-target inhibition of other
proteins by ROCK inhibitors.

Along with its well-established role in cardiovascular biology,
ROCK proteins have been implicated in other disease pathologies
including insulin resistance. Insulin signaling is essential for
glucose uptake and metabolism. Targeting the ROCK pathway
using inhibitors like fasudil and Y-27632 reduced blood pressure
and enhanced glucose tolerance in obese rats, suggesting that
ROCK kinases were responsible for impairment of insulin
signaling.””! However, ROCK was shown as a positive regulator
of glucose metabolism in normal mice since treatment with
Y-27632 caused insulin resistance by reducing insulin mediated
glucose uptake in skeletal muscle.® In support of this data,
mice with ROCKI1 deletion caused insulin resistance in skeletal
muscle.” Interestingly, it was recently shown that adipose
specific ROCKI deletion in mice resulted in enhanced insulin
signaling, suggesting that ROCKI1 deletion had a protective
effect against insulin resistance in this tissue.’® These data
suggests that there are tissue or cell type specific roles for ROCKI1
in regulating glucose metabolism. Further genetic studies are
required to determine the contribution of the ROCK2 isoform
in insulin signaling and glucose homeostasis. The number of
complete ROCKI, or tissue-specific ROCK1 or ROCK2 GM
models in various disease contexts has been increasing over the
recent years and this has been summarized in Table 1. However,
the incidence of embryonic and perinatal lethality observed in
ROCK2 knockout mice has impeded extensive investigation of
this isoform.'°” Overall, these genetic models have highlighted
the need for inhibitors that could specifically target ROCK1 or
ROCK?2. Efforts to develop isoform-specific ROCK inhibitors
are underway, with the ROCK2 selective inhibitor SLx-2119
already showing promise in cancer xenograft models.'*

Additionally, refined mouse models that express conditionally
active ROCK in a tissue selective manner have made it possible
to examine how ROCK activation may contribute to disease
initiation and progression.’” For example, conditionally-active

ROCK2 expressed in mouse keratinocytes elevated collagen
deposition that increased tissue stiffness, which in turn resulted
in activation of B-catenin transcriptional activity that promoted
interfollicular basal keratinocyte hyperproliferation and skin
thickening.’*® Future experiments with tissue-specific expression
of conditionally-active ROCK proteins will help characterize
how elevated signaling through this pathway contributes to

disease pathogenesis.

Conclusion and Future Directions

Since their discovery, studies have identified numerous ROCK
substrates involved in diverse cellular processes. It has become
increasingly evident that the two ROCK homologs have common
as well as non-redundant functions, and that their downstream
signaling may lead to different effects depending on several
factors including cell type and microenvironmental factors.
Conditional and tissue specific deletion of ROCK1 or ROCK2
will provide further insights into the distinct or shared functions
of each protein. ROCK inhibitors like fasudil are already in
use or in clinical trials for a number of pathological conditions
including cerebral vasospasm, hypertension, atherosclerosis,
and aortic stiffness. Given the accumulating evidence of the
potential roles of ROCK in additional pathologies such as cancer,
it seems rational to direct future studies toward unraveling the
tissue specific functions of each homolog. These studies will help
determine whether it would be advantageous to develop ROCK
inhibitors with greater selectivity toward one or the other protein,
such as the ROCK2 selective inhibitor SLx-2119.1%
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